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The Ku heterodimer, consisting of the proteins Ku70 and Ku80, is the central component of the non-
homologous end joining (NHEJ) pathway of double strand break (DSB) repair. Ku is able to recognize
and bind a DSB by virtue of its ring-like structure. Both pre-repair and topologically trapped post-
repair Ku heterodimers are thought to be inhibitory to multiple cellular processes. Thus, a regulated
mechanism for the removal of Ku from chromatin was predicted to exist. Recent evidence shows
that Ku80 is removed from DNA through a ubiquitin-mediated process. Similar processes have been
shown to be involved in the regulated dissociation of a host of other proteins from chromatin, and
this appears to be a general and conserved mechanism for the regulation of chromatin-associated
factors. A potential mechanism for this pathway is discussed.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
DNA damage responses require the regulated association of
multiple proteins with damaged DNA structures and the regions
of chromatin surrounding those structures. Over the past several
years, cytological and biochemical approaches have been used to
make major progress in understanding how the recruitment of
proteins to DNA damage is regulated. An equally important, yet
much less well-understood, question concerns how proteins are
removed from chromatin, either to make way for other damage
binding factors or to return chromatin to an undamaged state
following repair.
The conserved heterodimer formed between Ku70 and Ku80,
known as Ku [1], is a particularly interesting candidate for the
study of regulated protein removal from DNA damage. Ku is the
central component of the non-homologous end joining (NHEJ)
pathway of DNA double strand break (DSB) repair [2], and its mode
of binding to and high afﬁnity for DSBs, abundance, and inhibitory
roles in multiple repair pathways suggest that its removal from
DNA is critically important for repair regulation and post-repair
recovery. It has been shown recently that Ku80 can be removed
from DNA using a K48-linked ubiquitin-dependent pathway [3],
which a growing body of evidence suggests may be a widespread
and conserved mechanism for the removal of proteins from DNA.
Similar mechanisms may be involved in the removal of other
proteins from the sites of DSBs during DNA repair responses.chemical Societies. Published by E2. Bringing it all together at a double strand break
DSBs occur as a result of programmed cellular events, as in
V(D)J and class switch recombination in developing B- and T-cells,
or due to genotoxic insults resulting from free radicals, ionizing
radiation, or a failure to control nuclear enzymatic activities.
Eukaryotic cells can call upon two major DSB repair pathways:
homologous recombination (HR) [4] and NHEJ [2]. HR requires a
homologous stretch of DNA, usually a replicated sister chromatid,
and for this reason typically occurs during the late S or G2 phases
of the cell cycle following replication. This pathway results in
generally error-free repair of DSBs. NHEJ, in contrast, does not
require a homologous piece of DNA and therefore can occur
without a prior round of replication. The trade-off, however, is that
NHEJ is an error-prone pathway that has the propensity to result in
insertions or deletions at the site of the repaired DNA. The NHEJ
pathway has been reviewed extensively elsewhere [2], and there-
fore this review will only touch on its basics.
NHEJ begins with the recognition of the DSB by the Ku complex.
The toroidal ring-shaped structure of Ku (see below and Fig. 1)
allows it to recognize and tightly bind to DSBs within seconds of
their formation [5]. Upon binding to DSBs, Ku recruits additional
factors in the NHEJ pathway: the PI3-related kinase DNA–PKcs,
XLF, XRCC4, DNA ligase IV (LigIV), the nuclease Artemis, and the
PolX family DNA polymerases pol l and pol k [2]. Ku itself has been
reported to have deubiquitylating [6] and 50-deoxyribose-5-phos-
phate lyase activities [7]. However, because its main function
appears to be the recruitment of several factors with enzymaticlsevier B.V. All rights reserved.
Fig. 1. Ku70 and Ku80 are interconnected over a large surface, and both subunits encircle the DNA. (A) Front view and (B) side view surface representations of Ku bound to a
DNA substrate. DNA is depicted as a cartoon in silver, Ku80 in yellow, and Ku70 in pink. (C) Front view cartoon representation of Ku80 bound to DNA. In this image, Ku70 has
been removed to illustrate how Ku80 encircles the DNA on its own. (D) As in (C), but here Ku70 is represented alone. Structures [9] have been depicted using MacPyMOL.
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[2], much like the processivity factor PCNA, which recruits multiple
proteins to the site of the replication fork. Following their recruit-
ment, the various Ku-associated enzymes trim and/or extend the
ends of the broken DNA in preparation for re-sealing by the
NHEJ-dependent ligase LigIV.
For many years, it was assumed that the NHEJ pathway was
unique to eukaryotes, largely because the best-studied bacterium,
Escherichia coli, has no known mechanism to recircularize linear
DNA. This assumption was disproved by bioinformatic analyses
that revealed that many bacteria do, in fact, encode a version of
the Ku protein [8]. Prokaryotic Ku homologs typically exist as
homodimers, and Ku genes are frequently found adjacent on the
chromosome to genes encoding an ATP-dependent ligase, LigD,
with which it functions. While Ku and LigD are present in some
form in many bacterial species, they are almost completely absent
in archaea [8]. Therefore, whether the prokaryotic NHEJ pathway
arose as the ancestor to eukaryotic NHEJ or is instead the result
of horizontal gene transfer remains a mystery.3. A ring without a clasp
The X-ray crystal structure of Ku demonstrated that Ku is able
to recognize DSBs and initiate NHEJ by virtue of its toroidal, or
donut-shaped, structure [9] (Fig. 1). A central channel exactly largeenough to accommodate a B-form helix forms the Ku DNA binding
surface, leading to an elegant model for the recognition of DSBs by
Ku. A broken DNA end is able to thread through the hole at the
center of Ku as through the eye of a needle, while unbroken DNA
cannot possibly bind to Ku in this manner, ensuring exquisitely
speciﬁc DSB recognition. Although the structure of prokaryotic
Ku has not been determined, molecular threading studies have pre-
dicted that the basic ring structure is conserved [10]. Comparisons
between DNA-bound and unbound crystal [9] and cryo-electron
microscopy structures [11] of Ku have revealed that the C-termini
of both Ku70 and Ku80 move upon DNA binding. Interestingly, the
Ku70 and Ku80 N-terminal regions and the central ring-shaped
DNA binding domains do not appear to change conformation sig-
niﬁcantly when DNA is present [9].
Ring-shaped proteins and complexes are widespread in biology,
and several toroidal nucleic acid-binding factors are known [12].
Unlike Ku, however, most other toroidal proteins do not typically
need to bind to DSBs to fulﬁll their functions and correspondingly
employ distinct mechanisms of DNA binding. Instead of passively
binding a DNA end, these ring-shaped complexes frequently open
and re-close around DNA by virtue of conformational changes
induced by interactions between DNA and exterior domains of the
protein or the help of accessory factors [12]. Such ring opening re-
quires the separation of adjacent but discreet domains or subunits.
There is no clear mechanism by which conformational changes






Fig. 2. Ku has the ability to bind to multiple DNA structures, altering DNA metabolic processes. (A) A DSB: one heterodimer of Ku70 (pink) and Ku80 (yellow) is bound to each
end of a DSB. Dotted lines denote a continuation of the DNA strand. (B) A repaired DSB: both Ku heterodimers are topologically attached to the DNA following NHEJ. (C) Post-
repair replication: topologically trapped Ku heterodimers might inhibit replication fork progression when forks converge, preventing replication termination. Nascent
daughter strands are depicted in red while parental strands are in black. (D) End resection: Ku bound to an unrepaired DSB may sterically block end resection enzymes from
accessing the break. This could inhibit the early steps of end resection and, subsequently, HR. Similarly, the creation of a 30-single stranded overhang inhibits Ku binding to the
DSB because Ku binds poorly to single stranded DNA. (E) Chickenfoot: a regressed fork forms a four-way junction. The resultant daughter–daughter duplex resembles a DSB,
and may be stabilized by binding to Ku. (F) Cruciform structures: inverted repeats in the genome have a tendency to form hairpin structures, to which Ku could also bind.
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the DNA and are inter-connected over an extensive binding surface
(Fig. 1C and D). Thus, while the toroidal structure of Ku provides an
attractive mechanism for DSB binding and recognition, it presents
a problem post-repair, as completion of NHEJ would topologically
trap Ku on DNA (Fig. 2A and B). Such entrapment has been demon-
strated in vitro, as the interaction between Ku and DNA is able to
withstand 2 M salt without dissociation following recirculariza-
tion, while such a high salt concentration induces Ku release from
broken DNA [13]. Thus, the only possible conceivable mechanism
for Ku removal after repair appeared to be via proteolysis or
denaturation.4. An inhibitor of many processes
It is difﬁcult to imagine that Ku allowed to remain on DNA fol-
lowing repair would not impair multiple cellular processes, most
notably transcription and DNA replication. There is a precedent
for this type of inhibition in the case of Topoisomerase II topolog-
ically trapped on DNA after treatment with the drug ICRF-193,
which inhibits the enzyme’s cleavage activity. ICRF-193 treatment
results in a much more severe phenotype than a simple depletion
of Topoisomerase II, presumably as a result of the physical blocks
to transcription or replication progression imposed by the trapped
enzyme [14].
Like Topoisomerase II, Ku’s central channel is only large enough
to encircle a single duplex of DNA [9], and therefore Ku trapped on
DNA would also presumably inhibit polymerase progression. It is
possible that a moving polymerase is able to push Ku heterodimers
along DNA, but even if earlier steps of replication or transcriptional
elongation were not inhibited, Ku would minimally be predicted to
prevent polymerase progression when two enzymes converge, as
during replication termination (Fig. 2C).
Ku’s ability to inhibit DNA metabolism, however, is not re-
stricted to post-repair processes. Instead, heterodimers bound tounrepaired DSBs may be inhibitory to multiple DNA repair
pathways. Due to its high afﬁnity for DNA ends (Kd  2 nM) [15]
and high concentration (300 nM in HeLa cells) [16,17] Ku is
positioned to be one of the ﬁrst, if not the ﬁrst, factors to bind to
a DSB. Furthermore, there is ample evidence that Ku has a
relatively slow kinetic off-rate from DNA ends under physiological
conditions. In vitro studies using puriﬁed Ku protein in the
presence of reducing agents demonstrate that a majority of Ku
remains bound to double stranded oligo DNA for at least several
minutes [18]. Similarly, in the absence of active removal mecha-
nisms (see below) the majority of Ku80 remains associated with
DNA over the course of at least an hour in Xenopus laevis egg ex-
tracts [3]. The high afﬁnity, high concentration, and slow off-rate
predict that Ku may sterically block other DNA binding proteins
from accessing the break. In fact, in vitro studies have shown that
Ku bound to a DSB inhibits enzyme activities at the break, includ-
ing T4 DNA ligase-mediated ligation [15].
Several lines of evidence indicate that Ku bound to DSB ends im-
pedes a variety of processes in vivo. First, data from Saccharomyces
cerevisiae suggest that the degradation of 50 ends in preparation for
HR to free 30 single stranded ends for strand invasion, a process
known as end resection, is increased in the absence of Ku [19,20].
Ku inhibition of end resection is overcome by the initial clipping of
the50 end thatoccursprior toextensive50 degradation [21]. This sug-
gests that at least one important role for this initial clipping step of
resection, performed by the Sae2 enzyme and the Mre11-Rad50-
Xrs2 complex in yeast, is to convert the DSB into a single-stranded
overhang, a structure to which Ku cannot easily bind (Fig. 2D).
The role of Ku in inhibiting end resection and HR appears to be
conserved in higher eukaryotes, as the absence of Ku from
mammalian cells increases the frequency of HR at site-speciﬁc
DSBs [22]. Induction of HR in the absence of the NHEJ factor XRCC4
is signiﬁcantly less pronounced, suggesting that the bulky presence
of Ku at DSBs competes with other factors required for end
resection. Ku and LigIV are also inhibitory to a dangerous repair
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mologies between the two repaired ends [23]. Because this path-
way is not as well regulated as NHEJ, it frequently leads to
chromosomal translocations [24]. With the caveat that more
research is required to untangle the physical roles of Ku from enzy-
matic roles of other NHEJ components, such as the kinase activity
of DNA-PKcs [25], it seems clear that Ku regulates repair pathway
choice at least in part by restricting access to the break. A critical
function of Ku in the cell may therefore be to quickly bind DSB
ends and protect them from alternative repair pathways and
enzymes.
Recently, an additional inhibitory role for Ku has been discov-
ered in the repair of interstrand DNA crosslinks by the Fanconi
anemia pathway. Experiments using Caenorhabditis elegans,
mammalian cells [26], and chicken DT40 cells [27] have demon-
strated that defects in crosslink repair resulting from depletion of
Fanconi anemia pathway components can be rescued by Ku deple-
tion. There are, however, some discrepancies in these results. In C.
elegans and mammalian cells, depletion or inhibition of all NHEJ
proteins tested, including DNA-PKcs and LigIV (LIG-4 in C. elegans),
had the same effect as Ku depletion in suppressing Fanconi anemia
pathway defects [26]. In the DT40 cells, however, only loss of Ku
had this effect [27]. Therefore, it is unclear if the physical binding
of Ku to a repair intermediate, a downstream toxic NHEJ pathway,
or some combination of the two causes the inhibition of repair. One
reasonable hypothesis is that the Fanconi anemia pathway acts in
part by recruiting nucleases to the damage to generate a DNA
substrate to which Ku can no longer bind, as in the case of initiators
of end resection [27].
The high afﬁnity of Ku for DNA ends could also cause problems
that have not yet been explored. Ku requires only a double
stranded end for binding and is thus capable of interacting with
and stabilizing many DNA structures that are not actually dam-
aged. For example, stalled replication forks are thought occasion-
ally to regress, allowing displaced daughter strands to anneal and
form a four-way junction known as a ‘‘chickenfoot’’ [28,29]. A chic-
kenfoot contains a daughter–daughter ‘‘middle toe’’ that resembles
a DSB and could be recognized by Ku (Fig. 2E). In addition, Ku could
stabilize the cruciform hairpins that occur at sites of inverted re-
peats (Fig. 2F), which have a tendency to lead to replication fork
stalling [30]. Removal of Ku from DNA may therefore be necessary
for the efﬁcient resolution of these structures as well as for the re-
lief of Ku-induced inhibition of DNA processing.26S
Fig. 3. A model for Ku dissociation from DNA. Ku bound to DNA recruits an E3
ubiquitin ligase, possibly the SCF complex, which modiﬁes Ku80 through K48-
linked polyubiquitylation (blue circles). This ubiquitylation recruits another factor
such as VCP, the 19S proteasome complex, or both, which uses its ATPase activity to
unfold Ku80 and dissociate it from Ku70 and the DNA. After Ku80 dissociation, Ku70
loses its own ability to bind to DNA. Unfolded Ku80 is subsequently degraded by the
26S proteasome.5. Ku80 removal from DNA
The potential for Ku to interfere with replication and repair
suggests that the cell may have mechanisms in place to remove
Ku from DNA, a hypothesis supported by in vivo observations. First,
Ku has been shown to dissociate rapidly from chromatin in vivo.
Fluorescence recovery after photobleaching (FRAP) experiments
in mammalian cells using GFP-tagged Ku80 show that Ku80 mole-
cules assemble on laser-induced DNA damage within seconds, but
are nearly completely replaced at the site of DNA damage within a
few minutes of photobleaching [5]. The rapid exchange of Ku from
DSBs in vivo contrasts with the slow in vitro off-rates discussed
above and suggests that some active mechanism may be involved
in Ku removal. However, it remains formally possible that this
rapid removal is caused by the DNA passively unthreading from
the protein.
Interestingly, chromatin immunoprecipitation (ChIP) experi-
ments in yeast have shown that Ku is lost from sites around an
endonuclease-induced DSB in a manner that is roughly coincident
with the repair of the DSB [20]. These ChIP experiments do not
allow the measurement of Ku exchange at the site of theunrepaired break, which presumably takes place with similar
kinetics to those in mammalian cells. However, this approach does
allow analysis of the fate of Ku molecules trapped on DNA at the
moment of repair. The fact that topologically bound Ku is released
from DNA so quickly after repair indicates that a mechanism for its
active removal must exist.
How, then, might Ku be removed from DNA? Based on its struc-
ture and mode of binding, only a mechanism highly disruptive to
protein integrity would plausibly sufﬁce. Experiments conducted
to analyze protein recruitment to and removal from model DNA
damage in Xenopus laevis egg extract provide a satisfying potential
answer to this mystery [3] (Fig. 3). Speciﬁcally, Ku80 bound to
immobilized DNA modeling a DSB is rapidly modiﬁed with
K48-linked polyubiquitylation, which marks proteins for proteaso-
mal degradation. This polyubiquitylation is required for the
dissociation of Ku80 from DNA. Surprisingly, however, although
the proteasome inhibitor MG132 inhibits DSB- and polyubiqu-
itin-dependent Ku80 degradation, it does not affect the removal
of Ku80 from DSBs. This suggests that, while the proteolytic activ-
ity of the proteasome is required for the degradation of Ku80 once
it is removed from DNA, it is not required for its removal per se.
Interestingly, ubiquitylation and degradation occur with the
same kinetics and speciﬁcity for full-length Ku80 as for truncation
mutants missing both the N- and C-termini but retaining the
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tions are non-functional in NHEJ assays, suggesting that DNA bind-
ing, rather than NHEJ completion, triggers Ku80 ubiquitylation.
This opens up the possibility that the ubiquitylation of Ku80 may
be important for the removalofboth topologicallyboundpost-repair
protein aswell as protein on unrepairedDSBs orDSB-like structures.
It is unclear how Ku80 bound to DNA is speciﬁed for ubiquity-
lation while soluble protein remains unmodiﬁed. As described
above, the only regions of Ku known to undergo substantial confor-
mational changes upon binding to DNA are the C-termini of Ku70
and Ku80, but neither is required for Ku80 ubiquitylation ([3]
and LP and Hironori Funabiki unpublished data). Therefore, it
seems unlikely that a major DNA-dependent conformational
change signals ubiquitylation. Two possibilities remain for the
speciﬁc recognition of DNA-bound Ku80. First, Ku80 may be
post-translationally modiﬁed upon DNA binding, and this modiﬁ-
cation may be recognized by the E3 ubiquitin ligase. Alternatively,
the E3 ubiquitin ligase may act in a combinatorial manner, recog-
nizing both Ku and either DNA itself or another DNA-bound factor
and binding strongly only when both are present.
While the identity of the E3 ubiquitin ligase is still unknown,
components of the Skp1-Cul1-F box (SCF) complex have been iden-
tiﬁed by mass spectrometry as preferentially associating with DSBs
in Xenopus egg extract [3]. Intriguingly, this association is largely
dependent on the presence of Ku, suggesting that Ku may be a sub-
strate for the SCF. It is tempting to speculate that Ku may also serve
as a platform for general recruitment of the SCF to DNA damage,
aiding the ubiquitylation of additional factors during or following
DSB repair.
6. Coming undone and letting go
There is an extensive body of literature linking the ubiquitin
proteasome system (UPS) to the regulation of chromatin-bound
proteins. Such mechanisms were ﬁrst studied in depth in the
context of several transcriptional regulators, where roles for the
UPS have been implicated using diverse mechanisms that have
been reviewed elsewhere [31,32]. In some cases, such as the
regulation of the yeast mating type transcriptional repressor a2,
ubiquitylation leads to protein removal from chromatin [33].
Recently, there has been a rash of examples of additional
chromatin-bound proteins whose dissociation is regulated by the
UPS [34]. Ubiquitin initiates cell cycle-dependent removal of the
replication licensing factor Cdt1 [35,36] and the mitotic kinase
Aurora B [37] from chromatin. In addition, ubiquitylation regulates
the localization of the yeast H3 variant Cse4 to centromeres [38,39]
and the JmjC family antisilencing protein Epe1 to heterochromatin
boundaries [40] by inducing protein dissociation from other
regions of the chromosome. At sites of DNA damage, ubiquitin-
mediated processes remove the large subunit of stalled RNA
polymerase II, Rpb1, during the transcription coupled repair
process [41].
The observation that the removal of Ku80 from chromatin
requires polyubiquitylation but not proteolytic activity of the
proteasome is unexpected but not inexplicable. There are two
known factors that can unfold ubiquitylated proteins, the valo-
sin-containing protein (VCP, and also known as p97 or Cdc48 in
yeast) hexameric AAA–ATPase complex and the 19S regulatory
complex of the proteasome, and one or both of these may be
responsible for releasing Ku80 from DNA. The 19S complex forms
the 26S proteasome together with the 20S protease-containing
complex [42]. A major role of the 19S complex is to recognize,
unfold, and transfer proteins to the 20S complex for degradation,
but it can also be found apart from the 20S complex and has the
ability to function independently. Similarly, some ubiquitylatedproteins require VCP to aid in their destruction. VCP, like the 19S
complex, exhibits an ATPase-dependent chaperone activity, inter-
acts with ubiquitylated proteins, and is thought to help with the
destruction of ubiquitylated proteins by unfolding them for subse-
quent proteasomal degradation. This role of VCP has been best-
studied in the context of degradation of misfolded proteins in the
endoplasmic reticulum (ER) [43]. In addition to its function on
the surface of the ER, VCP, like the proteasome, also localizes to
the nucleus [44].
The exact roles for VCP and the proteasome in the removal of
proteins from chromatin remain under active investigation. VCP
ATPase activity is required for the removal of Aurora B from chro-
matin [37], but it is unclear whether the 19S or 20S complexes are
also required. Similarly, Cdc48 mediates the chromatin dissocia-
tion and degradation of Rpb1 in yeast [41]. Proteasome compo-
nents were found to be bound to ubiquitylated Rpb1 at the same
time as Cdc48, suggesting that the two complexes might work
together or concurrently. The Ku80 data [3] point to a potential
general pathway in which proteasomal degradation is not required
for the removal of polyubiquitylated proteins from chromatin, and
instead VCP, the 19S complex, or both are employed to unfold pro-
teins leading to dissociation (Fig. 3). This is a particularly attractive
mechanism, because VCP has the ability to extract proteins from
complexes or aggregates [45], an activity that may be required to
disrupt the tight interaction between Ku70 and Ku80. As each
monomer is unstable and unable to bind DSBs on its own [1],
Ku70 left behind probably does not maintain its association with
DNA. A non-proteolytic removal mechanism opens up the possibil-
ity that proteins can be re-folded post-dissociation, allowing for
degradation to be regulated according to varying cellular condi-
tions. It is also possible that, while 26S-dependent proteolysis is
not absolutely required for Ku80 (or other protein) dissociation
from chromatin, degradation is temporally linked to protein
unfolding.
In light of the recent examples described above, it seems likely
that the localization of many DSB-bound proteins in addition to Ku
are regulated by UPS-dependent dissociation. Indeed, both 19S and
20S proteasome components have been localized to DSBs by ChIP
[46], and Sem1, the yeast ortholog of the BRCA2-associated protein
DSS1, is a component of the 19S proteasome [46,47]. Furthermore,
the proteasome plays roles in both NHEJ and HR [46] and is in-
volved in the activity of the Fanconi anemia pathway [48] and in
DSB repair pathway choice [49,50]. The identiﬁcation of additional
DSB response proteins dissociated in this manner, and the mecha-
nisms of their regulation, will be an important area of future study.
7. An ancient mechanism?
The mode of Ku binding to DNA and its role in NHEJ is presum-
ably conserved from bacteria to mammals [10], and the problems
posed by topologically bound Ku must therefore also be conserved.
However, there is no ubiquitin homolog in bacteria. Could there
nevertheless be a related mechanism for prokaryotic Ku removal?
Despite the lack of ubiquitin, bacterial species do encode well-
conserved ATP-dependent proteases, which are functional and
mechanistic 26S proteasome analogs. For example, E. coli, the
best-studied bacterial species, has ﬁve such ATP-dependent prote-
ases: ClpAP, ClpXP, FtsH, HslUV, and Lon [51]. The ClpX subunit of
ClpXP unfolds proteins in an ATP-dependent manner, much like
VCP and the 19S proteasome, while ClpP degrades them. Like
VCP and the proteasome, ClpXP has the ability to extract proteins
from tightly bound complexes [52,53].
Recent evidence from E. coli indicates that ClpXP may be
involved in removing proteins from the bacterial chromosome
much like the UPS in eukaryotic cells. The prokaryotic nucleotide
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subsequently degraded by ClpXP [54]. Intriguingly, non-damaged
DNA is required for UvrA degradation in vitro, suggesting that
ClpXP may remove overexpressed protein non-speciﬁcally
interacting with undamaged DNA while allowing interactions with
damage to remain [54]. Such a mechanism is reminiscent of the
ubiquitin-dependent processes by which Cse4 and Epe1 are local-
ized to particular sites on yeast chromosomes, during which the
UPS performs an editing function by removing proteins from
erroneous sites. While the particular example of UvrA regulation
was discovered in E. coli, which does not encode Ku, the fact that
ClpXP function is well-conserved among bacteria raises the tanta-
lizing possibility that prokaryotic Ku, as well as other prokaryotic
proteins, may be removed from DNA via a similar process.8. Conclusions
It is becoming increasingly clear that Ku has a multitude of
functions in the cell, from promotion of NHEJ to protection of
DNA ends from various cellular enzymes that, if left unchecked,
could lead to aberrant DNA processing and defects such as chromo-
somal translocations. In addition, topologically trapped Ku on the
DNA may present complications during post-repair transcription
and replication. The abundance of Ku and its high afﬁnity for
DNA ends, combined with its structure and mode of DNA binding,
make it a particularly interesting candidate for the study of
regulated protein dissociation from chromatin. The ubiquitin-
dependent system recently discovered for the removal and degra-
dation of Ku80 is an elegant process by which DNA is relieved of Ku
either before or after repair completion. Future efforts will be re-
quired to determine the speciﬁcs and generality of the mechanism
of Ku80 dissociation from chromatin and the full import of this
pathway on the many functions of Ku.
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